Introduction
Metal-on-metal (MOM) bearing surfaces in hip arthroplasty became increasingly popular in the early 2000s in the USA [1] . In 2006, MOM bearing surfaces were utilized in 35 % of the total hip arthroplasties (THAs) performed in the USA [2] . Advantages of MOM bearing surfaces include significantly lower volumetric wear rates, decreased rates of instability due to the ability to use a large femoral head, and high fracture toughness compared to ceramic-on-ceramic bearing surfaces [1, 3, 4] . However, there have been prominent clinical concerns over unique failure modes over the past decade [1, 5] . Adverse local tissue reactions (ALTRs) have been well described in the literature as potential complications of MOM articulations [3, 5, 6•, 7•] . ALTRs are caused by an inflammatory response to small metal debris particles created by MOM implants [3] . This inflammatory response can lead to metallosis, formation of a bursal soft tissue growth known as a pseudotumor, and generalized synovitis and tissue damage. These reactions can subsequently lead to muscle, capsule, and soft tissue degradation, as well as tendinopathy around the hip joint. This constellation of events is thought to be the origin of pain, instability, and dysfunction in MOM hip arthroplasties with ALTR [1, [8] [9] [10] . Histopathological studies have shown that the complex inflammatory response can be both macrophage-induced cytotoxicity stimulated by metal debris and a type IV delayed hypersensitivity reaction to metal particles referred to as aseptic lymphocytic vasculitis-associated lesion (ALVAL) [3, 5, 8, 11•, 12, 13] . While this review will focus on ALTR affecting the hip joint and surrounding soft tissue structures, there may be potential systemic adverse effects of reactions to metal debris [5] . While there has been concern about the carcinogenicity of cobalt and chromium debris, several recent studies show no causal relationship between MOM implants and risk of cancer [14] . However, several reports have shown systemic symptoms of cobalt toxicity including neurologic, renal, and cardiac impairment in patients with high metal ion levels secondary to MOM hip arthroplasties [15] .
The goal of this article is to provide an evidence-based review with the most up-to-date literature on the evaluation and diagnosis of ALTR in MOM bearing surfaces.
Clinical presentation and assessment
The diagnosis of ALTR is sometimes obscured by the wide spectrum of clinical presentations [5, 16•] . Patients with large pseudotumors may be asymptomatic, but they may also have high or very minimal wear in the components on implant retrieval analysis [5, 12, 13, 17•] . Asymptomatic patients may also have mildly or even significantly elevated metal ion levels [16•, 18-20] (Fig. 1) . Conversely, patients without cross-sectional imaging evidence of ALTR and well-positioned components may have hip pain [16•] . Further, many reports describe these complications in both malpositioned, high-wear components and well-positioned, low-wear components, making radiographic analysis less reliable [6•, 20-22] (Fig. 2) . Finally, due to the inflammatory reaction that MOM implant debris causes, the diagnosis of concomitant infection is also challenging [23•] .
The key factors to assess are the following: (1) patient symptomatology, (2) implant track record, (3) positioning of the components, (4) metal ion levels, (5) cross-sectional imaging, (6) histopathologic analysis, and (7) alternative diagnoses, particularly infection [11•, 16] (Table 1 ). All of these factors are elements in the risk stratification algorithms for the diagnosis and management of ALTR in MOM implants in hip arthroplasty proposed by several recent publications from a consensus statement by the American Academy of Hip and Knee Surgeons (AAHKS), American Academy of Orthopedic Surgeons (AAOS), and Hip Society [16, 11•] (Figs. 1 and 2 ).
History and physical examination
A thorough history and physical evaluation are essential in evaluating a MOM articulation, regardless of pain. All causes of extrinsic pathologies, such as lumbosacral spine disorders or an inguinal hernia, and intrinsic pathologies, such as infection, aseptic loosening, and iliopsoas tendonitis, after a THA should be considered [5, 16•, 21] . Pain should be evaluated based upon the timing from index arthroplasty, location, duration, and severity. A history of pain since the index arthroplasty or since a sentinel event (e.g., episode of urosepsis), or wound complications, should increase the clinical suspicion of infection. Obtaining original operative reports are also useful in identifying the exact components utilized, and complications or special considerations associated with the index arthroplasty.
Inspection of the wound and skin, palpation for soft tissue masses, and an assessment of the stability and range of motion of the hip joint are the key features of the physical examination. Abductor muscle strength should be assessed in all patients, as abductor muscle damage and subsequent weakness are common in severe cases of ALTR (Fig. 3) . Due to the large femoral heads and large acetabular components of many MOM implants, impingement of the iliopsoas tendon during resisted hip flexion can be a source of pain [24] .
Laboratory studies Metal ion levels
Measurements of blood metal ion levels, specifically cobalt and chromium levels, are useful in diagnosing and treating ALTR. Numerous studies have reported the relationship with increased cobalt and chromium metal ion levels in the serum of MOM hip arthroplasties compared to metal-onpolyethylene (MOP) THAs [25, 26, 27 •]. We routinely obtain both levels in all MOM hips for diagnostic and surveillance purposes. While there are no studies directly defining the exact correlation of elevated metal ion levels and increased risk ALTR, several reports have shown that elevated metal ion levels are associated with increased wear rates and failed MOM prostheses [20, 16•, 11, 19] . Several studies have shown that cobalt levels above 7 parts-per-billion (ppb) [16•, 20, 11] are a reasonable threshold for increased concern and closer clinical follow-up, while other studies suggest cobalt levels of 4.5 ppb [18, 19] . Therefore, the results of metal ion levels are best used as another data point in the context of a risk stratification model, rather than absolute numbers [11•, 16•, 18] . Utilizing metal ion levels in conjunction with other data and as trends over time in surveillance of MOM hip arthroplasty is best practice. These levels can aid in the diagnosis of and/or raise clinical suspicion of an underlying ALTR for further investigation.
Several factors may place patients at higher risk for having elevated ion levels. There is a suggestion, but no overwhelming evidence, that young, active patients tend to have higher levels of metal ions in their blood compared to older, less [14] . An algorithm for diagnosis and treatment of an asymptomatic metal-on-metal total hip arthroplasty active patients. As discussed below, component malposition has been shown to be a risk factor for higher metal ion levels [16•, 18, 22] . Increased abduction angle of >50°, a small component size, and/or a combined anteversion of >40°have all been shown to be correlated with increased serum metal ion levels [22] . Several studies have shown that metal ion levels increase over time [25, 27•] . Further, there is some evidence that larger femoral heads lead to increased metal ion levels over time compared to smaller femoral heads [25] .
Cobalt to chromium ratio was once thought to be useful in predicting wear and ALTR [28] . However, a recent study reported no correlation with cobalt to chromium ratios and the degree of soft tissue damage as determined intraoperatively [28] .
Finally, as mentioned previously, there have been reports of systemic toxicity to metal ion levels, particular cobalt [5, 15] . Extremely high cobalt serum ion levels, typically >20 ppb, are of particular concern.
Serum inflammatory markers
Deep periprosthetic joint infection (PJI) should always be considered when evaluating a painful hip arthroplasty, including those with MOM articulations. The evaluation for infection in metal-on-polyethylene articulations includes evaluation of inflammatory markers, namely an erythrocyte sedimentation rate (ESR) and a C-reactive protein (CRP) Fig. 2 Reproduced with permission and copyright © of the British Editorial Society of Bone and Joint Surgery [14] . An algorithm for diagnosis and treatment of a symptomatic metal-on-metal total hip arthroplasty Fig. 3 An intraoperative photograph of a 55-year-old male with an adverse local tissue reaction from a metal-on-metal articulation in a total hip arthroplasty causing pseudotumor formation and soft tissue destruction of his hip abductors [29] [30] [31] . However, the diagnosis of infection is challenging in patients with MOM articulations as the inflammatory reaction provoked by metal debris can mimic infection serologically [23•, 32-34] .
Wyles et al. [18] have shown that CRP and ESR have a poor predictive value in diagnosing PJI in failed MOM hip arthroplasty. They reported a 75 % sensitivity and 67 % specificity in diagnosing PJI if both the CRP was >8.0 mg/L and ESR was >22 mm/h [23•] . There have been other case reports of failed MOM articulations masking as infection in the literature as well [32, 34] .
Aspiration of the hip joint
Aspiration of the hip joint prior to surgery is recommended in the evaluation of a painful hip arthroplasty and before revision surgery to rule out infection [29] [30] [31] . However, MOM articulations can falsely elevate both the white blood cell (WBC) count and neutrophil percentage. Metal particles, degenerating cells, and foreign debris can falsely elevate the WBC count [32] . One study showed that while automated WBC count of >3000 cells/uL was 100 % sensitive for diagnosing PJI, it was only 57 % specific [23•] . The WBC count in synovial fluid of MOM articulations can be elevated, complicating the diagnosis of infection [35] . Therefore, multiple studies recommend obtaining a manual WBC count from the synovial fluid aspirate to alert the technician that the sample may be inaccurate due to confounding variables that may artificially raise the WBC count [23•, 32] . Once these inaccurate samples are excluded by a manual cell count, the sensitivity and specificity have been shown to be 100 and 94 %, respectively, if a WBC count of 4350 cells/uL was utilized [32] .
A manual differential count, rather than an automated differential count, to assess the synovial neutrophil percentage has been shown to be highly accurate for diagnosing infection in an underlying MOM articulation [23•, 32, 35] . One study showed that a neutrophil percentage of >80 % was 100 % sensitive and 97 % specific for infection [23•] . Another study reported an 82 % sensitivity and 87 % sensitivity in diagnosing PJI [32] . Another study showed that a predominance of monocytes is typical for an ALTR [16•] .
We consider CRP, ESR, synovial fluid WBC count, and synovial fluid WBC differential and culture result collectively to determine whether or not a painful hip arthroplasty with a MOM articulation has a concomitant infection.
Imaging modalities Radiographs
The first imaging modality utilized in the evaluation of MOM hip arthroplasties should be plain radiographs. We routinely obtain an AP pelvis, an AP of the hip, and a cross-table lateral of the hip. Careful assessment of radiographs should focus on implant type, other potential causes of pain, and component position. It is important to note that implant type as particular implants, especially those with modular components, have variable track records [5, 11•, 16•] . The track record of a particular implant is another component of the most commonly utilized diagnostic and treatment algorithm proposed in both asymptomatic (Fig. 1) and symptomatic (Fig. 2) patients [11•, 16•] . Comparison of serial radiographs to immediate postoperative radiographs is important in the assessment of osteolytic defects, signs of component loosening, or signs of prosthesis impingement [5, 11•, 16•] . Not only can component malposition cause a host of potential complications, such as iliopsoas impingement and instability, but studies have shown that it has an effect on the metal ion levels generated by a MOM prosthesis. Increased acetabular abduction angle of >50°, combined anteversion of >40°, and/or a small component have all been correlated with increased blood metal ion levels and potentially increase ALTR when compared to less abduction and anteversion [16•, 22] . However, it should be noted that in most cases of ALTR, the plain radiographs appear normal without major component malpositioning [5, 36] . Improper component position should raise clinical suspicion that the patient may have or develop an ALTR.
Ultrasonography
Ultrasonography (US) is one imaging modality that can be utilized as a screening and diagnostic tool in MOM hip arthroplasties. It is particularly useful to evaluate fluid collections and pseudotumors. Advantages of US include the ability to obtain images without metal artifacts, an absence of ionizing radiation, its relatively low cost compared to other imaging modalities, and its availability at most institutions. The major disadvantages are that ultrasonography is operatordependent and is not as sensitive as metal artifact reduction sequencing magnetic resonance imaging (MARS MRI) [37•, 38-41] . Still, several studies have demonstrated excellent sensitivity and specificity of detecting pseudotumors associated with MOM implants [38] [39] [40] . One study reported a US Consideration of alternative diagnosis, particularly infection sensitivity of 92 % and specificity of 84 % in diagnosing pseudotumors [38] . The ability of US to detect more subtle ALTR with lack of a major fluid mass or pseudotumor is unclear. Currently, in our practice, US is utilized more in patients that have other contraindications to MRI, such as a cardiac pacemaker [37•] .
Magnetic resonance imaging
MARS MRI is the main cross-sectional imaging modality utilized in the diagnosis and characterization of suspected ALTR. First, MRI can assist in detection of other intrinsic and extrinsic causes of pain, such as iliopsoas tendonitis, nerve irritation, and intrapelvic or lumbosacral pathology, among other entities. Furthermore, MARS is a recently developed technique that allows soft tissue visualization, reducing image distortion from surrounding metal implants [9, 36] . Studies have shown that MRI better predicts the severity and degree of soft tissue damage than computed tomography (CT) or US [37•] . In fact, several grading systems have been developed to quantify the degree of soft tissue damage [42] . ALTR as seen on MRI can include regional muscle tendinosis, edema, and atrophy, synovitis in the form of synovial thickness and synovial volume, fluid-filled cysts, and solid masses [9, 10, 36, 37•, 42] . A recent study reported that an MRI predictive model resulted in a sensitivity of 94 % and a specificity of 87 % for detecting ALVAL and a 90 % sensitivity for quantifying intraoperative tissue damage [43] . This MARS MRI technology is also being applied to diagnosis of ALTR secondary to modular taper corrosion rather than a MOM bearing surface [36] .
However, studies have shown that synovitis and pseudotumors were detected in nearly equal proportions in painful hips and painless, well-functioning hips [33, 44] . As discussed above, the clinical presentation of ALTR is widely variable and may be asymptomatic even in large detected lesions. Cross-sectional imaging should account for one factor in the treatment algorithm of ALTR.
Disadvantages to this modality are the high cost associated with its use and that these specialized MRI scanners may not be universally available [37•] . Utilizing other imaging modalities along with a careful history and physical examination is crucial in these instances.
Histopathology
The histopathologic classification of the inflammatory responses and pseudotumors that occur in ALTR-associated MOM implants has been of interest in understanding the pathogenesis of such reactions. A wide spectrum of histological findings has been reported in multiple studies over the last decade. Tissue necrosis and a prominent macrophage response are noted in the majority of cases. Stimulation of an inflammatory reaction by metal debris leading to cytotoxicity is thought to be the mechanism of tissue destruction [3•, 12, 13] . However, there is also a lymphocytic response known as ALVAL, determined to be a type IV hypersensitivity reaction, which varies in prominence [8, 12] . Two histologic scoring systems have been developed to better characterize the prominence of the lymphocytic infiltrate, termed the ALVAL score [12, 13] .
Current data suggests that both of these inflammatory responses play a differential role in ALTR and pseudotumor formation depending in part on the degree of component wear [5, 8, 12, 13] . Both studies by Campbell et al. [13] and Grammatopoulos et al. [12] show that tissues revised in patients with high wear components had a lower ALVAL score and a predominant macrophage and metal particle histology. Conversely, tissues and pseudotumors from patients revised with low wear components showed higher ALVAL scores. This suggests that while both mechanisms likely contribute to ALTR in all patients, the etiology of ALTR in patients with low wear prostheses is likely more due to a type IV hypersensitivity while cytotoxicity from metal debris and macrophage response is the more likely mechanism of tissue destruction in patients with high wear prosthesis [12, 13] . This theory, however, has not been shown in other studies. The specific inflammatory response is likely just one aspect of the etiology of pseudotumors that likely involves the implant, specific patient factors, and surgical considerations [5] .
Conclusion
Diagnosis of pain from ALTR after a MOM hip arthroplasty can challenge the clinician. A host of factors must be considered. Understanding the variability in clinical presentation of patients with ALTR from MOM articulations is the first step. A thorough clinical history including obtaining operative reports and implant specifics, physical examination, and evaluation of serial plain radiographs is essential in evaluation for both ALTR and alternative intra-articular or extra-articular etiologies for pain after a MOM hip arthroplasty. Metal ion levels can be utilized in conjunction with cross-sectional imaging to further hone the diagnosis of ALTR once alternative etiologies are excluded. The diagnosis and evaluation of a PJI in a MOM implant with wear and an ALTR can be convoluted. Use of a manual WBC count that is uncontaminated by metal debris and a manual WBC cell differential has been shown highly sensitive and specific for diagnosing infection. Finally, histopathologic analysis at the time of revision surgery can also assist in the diagnosis of ALTR. We consider patient demographics and symptomatology, implant track record, positioning of the components, metal ion levels, crosssectional imaging studies, histopathologic analysis, and alternative diagnoses in diagnosing and managing all individuals with MOM articulations in hip arthroplasty.
